Growing attention to phytoplankton mixotrophy as a trophic strategy has led to significant revisions of traditional pelagic food web models and ecosystem functioning. Although some empirical estimates of mixotrophy do exist, a much broader set of in situ measurements are required to (i) identify which organisms are acting as mixotrophs in real time and to (ii) assess the contribution of their heterotrophy to biogeochemical cycling. Estimates are needed through time and across space to evaluate which environmental conditions or habitats favour mixotrophy: conditions still largely unknown. We review methodologies currently available to plankton ecologists to undertake estimates of plankton mixotrophy, in particular nanophytoplankton phago-mixotrophy. Methods are based largely on fluorescent or isotopic tracers, but also take advantage of genomics to identify phylotypes and function. We also suggest novel methods on the cusp of use for phago-mixotrophy assessment, including single-cell measurements improving our capacity to estimate mixotrophic activity and rates in wild plankton communities down to the single-cell level. Future methods will benefit from advances in nanotechnology, micromanipulation and microscopy combined with stable isotope and genomic methodologies. Improved estimates of mixotrophy will enable more reliable models to predict changes in food web structure and biogeochemical flows in a rapidly changing world.
I N T R O D U C T I O N
Building upon a body of older work on the topic (e.g. Sanders et al., 1990; Dolan, 1992; Caron et al., 1995; Thingstad et al., 1996; Raven, 1997; Dolan and Pérez, 2000; Burkholder et al., 2008) , there has been an increasing recognition in recent years that many "phytoplankton" species are not simply photoautotrophs, but actually possess highly flexible feeding strategies, collectively referred to as mixotrophs (e.g. Sherr and Sherr, 2002; Mitra et al., 2016; Anderson et al., 2017; Fischer et al., 2017) . This trophic behaviour, that complicates the traditional divide between auto-and heterotrophs, appears to be spread through the phylogenetically-diverse protists (Caron et al., 2012) . Current food web models demonstrate that considering phytoplankton (especially nanophytoplankton) to be mixotrophs instead of simply photoautotrophs alters significantly predictions for biogeochemical fluxes and trophic dynamics in planktonic ecosystems (Flynn et al., 2013; Mitra et al., 2014; Ward and Follows, 2016; Chakraborty et al., 2017; Stoecker et al., 2017) . This implies a paradigmatic shift in how we understand aquatic food web ecology, especially when it comes to linking ecosystem carbon and nutrient flows to particular community compositions, and even more critically under current changes in climatic conditions.
While conceptual models of the role of mixotrophy abound (as mentioned), and the identification of mixotrophy in particular phytoplankton groups is widespread, precise measurements of the partitioning of carbon (C) acquisition between the different trophic strategies are rare. Ultimately however, empirical estimation of not just which taxa are performing mixotrophy when, but also the rates of heterotrophic C-acquisition relative to that acquired through photosynthesis in different natural aquatic ecosystems is required; although methodological limitations still exist, as we will describe. Better estimates will put into perspective these alternative mechanisms of C-acquisition, enabling understanding of the ecological factors promoting one pathway or another (e.g. Tittel et al., 2003; Moorthi et al., 2017) , and allowing for correct identification of the primary bacterial grazers in different aquatic ecosystem types.
Mixotrophs are trophic generalists, able to conduct both photoautotrophy and phagotrophy. They must thus maintain cellular structures for both processes (e.g. Raven, 1997; Fischer et al., 2017) . Several strategies of heterotrophic uptake exist including absorbotrophy (uptake of low-molecular weight molecules), biotrophy (ranging from parasitic to mutualistic interactions that do not kill the host), and phagotrophy (uptake of organic matter by predation of other living organisms) (reviewed in Mitra et al., 2016 and Selosse et al., 2017) . It is this last type of phago-mixotrophy in the nanophytoplankton that we will consider in this review. Most protists having this lifestyle consume bacteria or other picoplankton (mostly photosynthetic ones, but perhaps also small heterotrophic protists) via phagocytosis. This strategy has been frequently observed in cryptophytes, chrysophytes, prymnesiophytes and dinoflagellates; is apparently rare in the chlorophytes (but may be present in the pyramimonadales); and is likely precluded in diatoms due to their thick and rigid cell wall (reviewed in Flynn et al., 2013) . It should be noted that because all mixotrophic protists appear to possess at least one flagella-like structure, they are often also referred to as mixotrophic phytoflagellates (Selosse et al., 2017) .
Empirical estimates of abundance and activity are difficult to obtain because of the methodological difficulty of determining when organisms are actively engaging in mixotrophy. No direct in situ signal, nor probe for detecting the degree of bacterivory, concurrent with photosynthetic activity across a variety of phylotypes currently exist. There are two pressing lines of ecological research to obtain estimates of mixotrophy in aquatic food webs in the field, depending on whether the focus is more on ecosystem or community (or organismal) level consequences. With respect to ecosystem processes, questions revolve around quantifying how much carbon (or nutrients) circulates and with which efficiency through mixotrophs. On the other hand, for questions related to how mixotrophy contributes to the maintenance of biodiversity and alters community structure or dynamics, research questions seek to identify which taxa are mixotrophic, and under which conditions. Of course as we increasingly link biodiversity with ecosystem function, researchers will want to address both of these issues together. This requires a combination of different methods that currently exist for estimating mixotrophic activity; methods that can be used in a complementary fashion once the advantages and details of each are well understood.
We provide a guide to the currently available methods to estimate mixotrophy in aquatic protist nanoplankton in situ, outlining their relative advantages and disadvantages, as well as which research questions they are most suitable to address. We focus on nanophytoplankton because they represent the group for which the most different methods are available. The methods used in mixotrophic research have their origins in approaches developed for distinguishing heterotrophic from phototrophic protists. For newer users, we provide an overview (Appendix) of some common basic methods used in the approaches outlined here -already well known by expert users. A summary of the methods, as well as key references are listed in Table I . Our aim is to engage more researchers to work towards greater empirical estimation of phago-mixotrophy, thereby providing a more solid basis for evaluating and modelling the role of mixotrophy for population, community and ecosystem processes in aquatic environments.
C H A R A C T E R I Z I N G T H E O R G A N I S M S E N G A G E D I N P H A G O -M I X O T R O P H Y
A combination of several of the basic methods (detailed in the Appendix) can be used to detect combined heterotrophic and phototrophic activity in a given protist phylotype, including in environmental samples. The methods, or their combination, are either based on fluorescence or on isotope incorporation to differentiate mixotrophs from pure autotrophs (Fig. 1) . Fluorescence methods are most commonly used, and share a common theme when used to identify phago-mixotrophic (hereafter referred to as mixotrophic) nanophytoplankton. Mixotrophs show simultaneous signals for heterotrophy (that of a fluorescently-labelled tracer) and phototrophy (that of photosynthetic pigment autofluorescence) when examined using lower throughput epifluorescence microscopy (EM; Appendix-Method 1) or higher throughput flow cytometry (FC; Appendix-Method 2) (Fig. 1) .
Fluorescently-labelled tracers
Consumption of prokaryotic prey by autotrophic nanophytoplankton can be assessed using fluorescently labelled bacterial (FLB) tracers, which are heat-killed fluorochrome-labelled bacteria (Appendix-Method 3 for more details). Protist communities are incubated with these FLBs for given time periods. Subsequently, protists that are actively mixotrophic can be identified using epifluorescence microscopy by the fluorescence derived from consumed FLB (Table A1) and their simultaneous red chloroplast autofluorescence (Fig. 2) (Havskum and Riemann, 1996; Unrein et al., 2007 Unrein et al., , 2010 Unrein et al., , 2014 Saad et al., 2016) . Several morphological characteristics can be used to identify protist taxa using light microscopy, including the position of the chloroplasts (e.g. parietal), the overall shape (round or elongated), lorica presence and shape, or nucleus shape. The often mixotrophic cryptophytes in particular, can be further distinguished by the fluorescence signal of their phycobilin pigment (yellow-orange under blue light or orange under green light; Table A1) using epifluorescence microscopy or flow cytometry (Unrein et al., 2014) . Comparison with lugol-stained samples can allow further taxonomic identification.
Flow cytometry with fluorescence-activated cell sorting (FC with FACS; Appendix-Method 2) is a way to separate protist cells for which FLB have been detected in conjunction with autofluorescence following incubations with the tracers. In this case, unlike common preparation of samples for FC, the bacteria in the samples and the protists are either not stained or are coloured with a stain that does not interfere with FLB fluorescence (the stain of choice dependent on the stain used for the FLBs, Appendix- Table I ), as the green DNA fluorescence would mask the FLB signal. Then, the protists can be sorted with FACS according to the following FC criteria: (i) label fluorescence (usually green from the FLB) for heterotrophs, (ii) high levels of red fluorescence without green fluorescence for photosynthetic protists and (iii) cells with both red and green fluorescence, for mixotrophic protists. Once sorted, the protists can be filtered and prepared for epifluorescence or electron microscopy for detailed observation including morphological identification of the mixotrophic community constituents (e.g. Li et al., 2016) , although damage to cells during sorting may preclude accurate identification.
Alternatively, the FC-sorted cells can be prepared for molecular sequencing (e.g. 18 S rRNA gene sequencing; Appendix A-Method 4) to identify the eukaryotic phylotypes isolated based on presence of the fluorescent tracer and simultaneous photosynthetic pigments. It should be noted, however, that approaches involving 18 S rRNA gene sequencing require good phylogenetic databases to subsequently identify from sequencing data the protist species within these mixotroph isolates. The identification of the mixotroph phylotypes via molecular sequencing can be compared with traditional taxonomic results using epifluorescence microscopy based on morphological characterization.
Natural tracers
It is possible to use fluorescence methods as described for FLBs, but relying on live natural prey tracers in rare cases where the natural autofluorescence properties of the prey (i.e. other phototrophs) are distinctive from the autofluorescence properties of their mixotrophic predators. The main example is for pico-cyanobacteria prey consumed by mixotrophic protists (which are not cryptophytes): such mixotrophs will autofluoresce in the red under blue light, as usual (chlorophyll a), but will also fluoresce orange (phycoerythrin) if they have consumed the cyanobacterial prey (Cucci et al., 1989) . It should be stressed that this method does not address mixotroph feeding on (non-photosynthetic) bacteria. When using live tracers, experiments must incorporate proper controls: either controls to account for non-grazing mortality if the experiments are run in the dark, or controls for prey growth if they are run in the light. As was the case with FLB use, with live tracers it is possible to use epifluorescence microscopy and/or FACS separation to morphologically identify the taxa consuming these live cell tracers, or to isolate the cells to be analysed using molecular methods.
Food vacuole staining
This fluorescence approach directly targets the food vacuoles of protists acting heterotrophically and enables their enumeration. The method relies on the acidity of food vacuoles (lysosomes) that protists use to digest bacterial prey. Acidotrophic fluorescent stains (Appendix Table I ) are applied in short-term incubations (<6 minutes), and can then be detected and enumerated immediately using epifluorescence microscopy or FC (Sintes and del Giorgio, 2010) . Fluorophores most commonly used to date include LysoSensor Blue DND-167 (Carvalho and Granéli, 2006) and LysoTracker Green (DND-26) (Sintes and del Giorgio, 2010; Anderson et al., 2017) (Table A1) . Using the food vacuole staining method, the mixotrophic protists are identified as those coincidentally stained with the acidotrophic fluorescent probe (heterotrophy), and for which autofluorescence (phototrophy) is also detected. For example, in the case of LysoSensor Blue, the probe fluoresces blue when excited by UV light, which can be contrasted under blue light with chlorophyll a (red) or phycoerythrin (orange) autofluorescence. Direct examination of protists using microscopy is then possible for some groups to identify the doubly-fluorescing mixotrophs. Where morphology is not distinguishable, quantification of classes of nanophytoplankton types in a community (mixotroph vs. pure heterotroph or pure autotroph cells) can at least minimally be done. Alternatively, FACS can be used to sort out the vacuole-labelled cells for other microscopic or molecular analyses as outlined for the FLB tracers. While sequencing of the samples collected in bulk for each of the fluorescence groups can be done, some researchers using food vacuole stains have gone on to sort single-cells and after genome amplification, to sequence both 18 S rRNA and 16 S rRNA genes (e.g. Martinez-Garcia et al., 2012; Li et al., 2016) . In this way they have been able to identify the protist as well as the prey contained within the positivelystained protist vacuoles.
As with all methods, there are limitations of which potential users should be aware. It should be noted that the use of acidotropic probes has been rarely tested in field samples. In one field study, Anderson et al. (2017) noted no unspecific binding of LysoTracker Green to other acidic organelles (e.g. chloroplasts) other than food vacuoles in samples. They also point out that the method does not distinguish between new and old food vacuoles; a point that could be relevant given that different protists may have variable digestion times. Methodologically, Sintes and del Giorgio (2010) indicate that short-term (10-minute) incubation times are ideal, as most cells become stained immediately upon LysoTracker addition. Thus, samples should be run through an FC within 10 minutes of staining, as longer incubations lead to declines in the number of stained cells (Sintes and del Giorgio, 2010) . Their tests with LysoTracker Green also indicate ideal stain concentrations (25 nM minimum, ideally 50 nM) should be applied to avoid underestimating flagellate abundances. LysoSensor reagents are capable of exhibiting pH-dependent fluorescence intensity that may be more useful to detect degrees of mixotrophy in food vacuoles over the largely pH-independent LysoTracker fluorescence (Invitrogen, 2007) .
Fluorescence in-situ hybridization (FISH)-labelled prey tracking
There may be concerns about the artificiality of using heat-killed bacteria (i.e. FLB) as prey items to assess heterotrophic activity in protists (including mixotrophs). In this case, fluorescence-labelled genetic probes can instead be used to target live natural prey cells, or specific bacterial cells that are added to incubations with the suspected mixotrophs. The Catalysed Reporter Deposition (CARD-FISH, Appendix-Method 5) method using general 16 S ribosomal RNA (rRNA) gene probes has been used to label bacterial cells inside the food vacuoles of (and presumably consumed by) the larger protist fraction (separated from free bacteria by filtration). Counter-staining with DAPI and observation by epifluorescence microscopy (e.g. Simek et al., 2007) , permits differentiation of the FISH signal in food vacuoles from that of other fluorescing particles (e.g. DAPI-labelled DNA) or from autofluorescent chloroplasts, enabling identification of mixotrophs. This FISH approach maintains protist cell and plastid integrity, facilitating predator identification (Medina-Sánchez et al., 2005) .
Fluorescently-labelled mixotrophs of morphologically unique groups (e.g. cryptophytes, Dinobryon sp.) are easily It may be possible to examine mixotrophy directly using double FISH by first separating plastidic (autofluorescent autotrophs) protists from free bacterial prey and heterotrophic (aplastidic protists) using FACS (Hartmann et al., 2013) . Otherwise, studies have focused on bacterivory by known autotrophic lineages for which the probes existed (e.g. Massana et al., 2009 , Grujcic et al., 2018 . These studies indicate that it is possible to detect targeted (and thus known potentially mixotrophic) protist phylotypes feeding on known bacterial groups. However, it will likely remain difficult to adapt double FISH for wild uncensused mixotroph communities for a number of reasons. Non-specific hybridization (e.g. hybridization of plastids) might occur. Also, low hybridization efficiency is known for some bacterial groups and is a general problem with all FISH methods (Zwirglmaier, 2005) . Furthermore, natural autofluorescence (associated with phototrophy detection) is usually washed away during the double FISH process, a clear methodological drawback to distinguishing unknown mixotrophs from pure heterotrophs; for this reason prior separation of the plastidic protists (Hartmann et al., 2013) makes best use of this methodology (although it may be more time consuming). The recent development of multilabelled oligonucleotide probes for FISH (MiL-FISH; Schimak et al., 2016) may help resolve some of these issues related to applying multiple labels to gauge trophic interactions between protists and bacteria. To date this novel approach simultaneously targets multiple bacterial phylotypes, labelling with strong fluorescence signals, while preserving the morphology of cells with which the bacteria are associated.
Stable isotope probing
The main alternative to fluorescence methods for identifying mixotrophic phylotypes consists of the use of stable isotopic approaches using prokaryotic prey labelled with 13 C (usually as sodium bicarbonate) and/or 15 N (for nitrogen-fixing prey). This stable isotope probing (SIP or RNA-SIP) method represents another way to partition out the mixotrophic components of mixed, unknown protist communities for further identification via sequencing. Heterotrophs are generally traced via their consumption of stable-isotope labelled bacteria prepared from a natural community or an artificial collection of strains and provided as prey in incubations (Frias-Lopez et al., 2009; Orsi et al., 2018) . After incubation (usually 24-hours), the isotope label will be in the nucleic acids of the feeding mixotrophic and heterotrophic consumers. The separation of the light and heavy fractions by density gradient ultracentrifugation of the protist nucleic acids extracted from these incubations then permits molecular analysis of the different 18 S rRNA fractions for heterotrophic protist identification (i.e. both photosynthetic and non-photosynthetic protist phylotypes consuming bacteria). Then, identification of the mixotrophs is based on sequence databases, literature, or other reports (e.g. complementary microscopic analyses of preserved samples to identify taxa containing plastids) on which of the phylotypes are also photosynthetic. Thus the same constraint as for the other methods relying on genetic identification exists regarding the need for well-informed protist phylogenies. Note that sequencing of 16 S rDNA in the heavy fraction can also be done to account for consumption of non-target bacterial prey that may have become isotopically labelled through leaching of organic compounds from the labelled bacteria to others in the environment during the incubation period (Frias-Lopez et al., 2009) .
ESTIMATING THE CONTRIBUTION OF PHAGO-MIXOTROPHS TO C-FLOW IN AQUATIC ECOSYSTEMS
In addition to knowing which phylogenetic or taxonomic components of a community are engaged in phagomixotrophy, we may also want to quantify the bacterial carbon that has circulated through the mixotrophs as a bulk group (which involves estimating grazing rates). Ideally, we would like to go even further and quantify flow through particular phylotypes, which is possible with some combinations of the previously described methods, as we will discuss.
Grazing rates by morphologically distinct species
For morphologically distinct species, it is possible to estimate species-(or group-specific) grazing rates, and thus C-flows by taxon, by combining FLB incubations with epifluorescent microscopy identification. To attribute clearance or grazing rates to each protist taxon identified, the number of FLB consumed per mixotroph taxon at each time point during the (usually) short-term incubation must be determined, as well as the ambient FLB and natural bacteria prey concentrations (as the ratio of one to the other affects the determinations). The distinctive autofluorescence patterns and morphology of groups like the cryptophytes and pigmented dinoflagellates can be used to differentiate grazing rates by these mixotrophs (e.g. Unrein et al., 2014; Anderson et al., 2017) . Grazing impacts attributable to each mixotroph taxon or group can then be estimated by multiplying cell-specific grazing rates in each fraction by their abundances (see Unrein et al., 2007 and Saad et al., 2016 for calculation details). The impact of such grazing rates in terms of C-flux units can be estimated by using published carbon-to-volume relationships for bacteria (e.g. Norland, 1993) .
Grazing rates by cytometrically-defined protist groups using FLBs
Using fluorescence-based techniques such as FC, it is possible to separate different types of pico-and nanophytoplankton (autotrophs, mixotrophs and heterotrophs), as well as some distinctly fluorescing taxa (e.g. cryptophytes), to estimate the grazing rates of each group. Traditionally, FLB uptake has been used to define the "actively" feeding protists in a community and the overall bacterivory rates (details Appendix-Method 3). The original method measures protist bacterivory rates on heat-killed fluorescently stained bacteria that are then converted to C-flow through the heterotrophic and mixotrophic compartments. A novel variation on these approaches would be to use a variety of live bacterial cells expressing fluorescently-labelled proteins (Bochdansky and Clouse, 2015) and including mutants with specific traits (e.g. non-vs. motile, non-vs. toxic, nonvs. expolymer producing bacteria) to detect mixotroph grazing preferences (e.g. Sonnenschein et al., 2011) . This approach could help to determine whether specific bacterial features stimulate or deter heterotrophy of mixotrophs.
Grazing rates by cytometrically-defined groups using isotope-labelled prey By feeding radioisotope-labelled bacteria to protist communities, it is possible to determine the fraction of the total C-flow through the mixotrophic vs. heterotrophic protists via bacterivory using a "pulse-chase" approach (Zubkov and Tarran, 2008; Hartmann et al., 2012) . In summary, radioactively-labelled bacteria ( 35 S-methionine or 3 H-leucine) are fed to mixed protist communities in short-term incubations (~1 hour; the "pulse"), followed by a 1000-fold addition of non-radioactive tracer (e.g. non-radioactively labelled bacteria) to overwhelm and stop the direct uptake of radiolabelled cells by the bacteria (the "chase").
FC is then used to isolate the different protist cell types in a mixed target community. First, using a DNAstain (e.g. SYBR-Green I DNA dye) FC is used to distinguish and enumerate heterotrophs (green fluorescence only) and all autotrophs (green fluorescence + autofluorescence). The autotrophs (including mixotrophs) are sorted using FACS and collected on a filter. The amount of radioactivity on this filter is measured using a scintillation counter and represents mixotrophic bacterivory. The observed radioactivity is transformed into the number of bacterial cells incorporated by the total number of protist cells sorted, relying on mean measured radioactivity of an average bacterial cell (Zubkov and Tarran, 2008) . The main drawback of this method is that it requires passing radioactive samples through a FC, which is not always permitted by FC managers, and must be confined to a radiation laboratory.
As explained in section (vi), stable isotopes offer a safer approach. To focus on the C-flows through only the phytoplankton portion of the community, SIP could be applied to chloroplast-containing protists only, isolated via FACS. However, to date, SIP studies have been only used to identify the mixotrophic community constituents and not to measure grazing rates or C-flow estimates (e.g. Frias-Lopez et al., 2009; Orsi et al., 2018) . This is because there are other indirect routes by which labelled bacteria could end up in the rDNA of the protists, interfering with grazing rate estimates. These include via the DOC pool through exudation, lysis or sloppy feeding by zooplankton -although short incubation times (pulse labelling) should reduce these confounding effects (see discussion in FriasLopez et al., 2009) . Estimates of true C-flows are thus likely to be less accurate with stable isotopes than with radioisotopes. An alternative option would be to use radioisotopes to estimate total protist community C-flux and coincidentally apply SIP (e.g. bacteria labelled with 13 C methionine or leucine) on a second replicate. This latter replicate can then be more safely passed through an FC and be used to identify the phylotypes (e.g. using18S rRNA gene sequencing of the labelled DNA), allowing for the rough attribution of portions of total C-flux by group.
Grazing rates by genetically distinct phylotypes
To further refine C-flow rate estimates through particular known phylotypes, FISH can be used to identify the members of the protist community. To do so, FISH can be applied after FLB incubation to more precisely label the pico-or nanoflagellate mixotrophs and thus, determine their contribution to C-flow via grazing. Unrein et al. (2014) used FISH in this way to estimate the contribution of haptophyte and chlorophyte mixotrophs to C-flow in mixed communities. On the filters collected during the FLB experiments they used TSA-FISH (AppendixMethod 5) to label the different groups of protists; assessing at the same time, their FLB uptake rates using epifluorescence microscopy.
In theory, FACS single-cell separation of the protists after FLB ingestion could be simultaneously done based on both FISH and FLB signals to then permit genomic amplification and sequencing, thereby identifying the protists beyond the level defined by the probes used. However, to our knowledge, this has not yet been done. FISH-based cytometric detection of protists was proposed in the past to permit group enumeration by FC (e.g. Biegala et al., 2003) , but this has hardly made it into routine use. The main difficulties involve the masking of the various fluorescences, the integrity of the protist cell after permeabilization, and the recovery of the cells after hybridization that jeopardizes precise enumeration.
Methods using double FISH with live bacterial additions have also allowed quantification of grazing rates of probe-determined heterotrophic flagellates on particular bacterial groups. In Massana et al. (2009) , short-term FLB incubations were used to estimate grazing rates by different groups of uncultured marine stramenopiles (MAST), heterotrophic (not necessarily mixotrophic) protists, identified with FISH. In the double FISH methodology, consumption of different bacteria is also assessed using CARD-FISH. In Grujcic et al. (2018) , the FLB method was used to estimate heterotrophic community grazing rates, but they also estimated total live bacterial grazing rates in likely mixotrophs (cryptophytes) using CARD-FISH. Extending these methods, it might be possible to use live, natural bacterial tracers to simultaneously determine C-flow rates and mixotroph identity by using double FISH. To date, double FISH has been used for heterotrophic (or known probable mixotrophic) protists without directly assessing simultaneous phototrophy (e.g. Massana et al., 2009; Grujcic et al., 2018) . Taking into account the caveats presented in section (v), with double FISH, it should also be possible to identify and quantify more precisely the feeding preferences of mixotroph phylotypes on specific prey phylotypes, to identify protist prey choice and specific grazing rates.
Currently, estimates of C-flow in ecosystems attributable to the mixotrophs are relatively rare. Furthermore, estimates of C-uptake rates by mixotrophs remain biased by use of unconstrained assumptions, such as the constant C-conversion rates of consumed biomass (e.g. Unrein et al., 2014) . Obviously, species-and environmental context-specific conversion factors are likely to hold, and advances in methodologies will ideally be able to circumvent these issues in the future by measuring grazing and C-flow rates through mixotrophs in situ and in real time.
F U T U R E D I R E C T I O N S
The ultimate aim of mixotrophy research will be to further combine direct measures of C-flow with the identity of those mixotrophic protists active in natural mixed communities, without prior knowledge of protist identity, nor that of the bacterial prey. Theoretically, there are a number of ways to advance mixotrophy research using current methods in new combinations (as discussed in the preceding text), as well as some novel approaches and methods. Whereas methods currently in use mainly focus on bulk measurements of either the autotrophic or heterotrophic activity of mixotrophs, newer methods increasingly allow for single-cell activity measures. Nanotechnological methods will enable quantification of both C-and N-uptake rates and photosynthesis:grazing ratios of individual mixotrophs. Cell-specific bacterivory rates could be estimated using nanoSIMS (nano-scale secondary ion mass spectrometry) to determine consumption N for simultaneously measuring photosynthetic and grazing activity in the same mixotroph cell (NanoSIP methodology; generally described in Musat et al., 2016) . The method also allows for measurement of changes in the photosynthesis: grazing ratio of individual cells in relation to variation in specific environmental variables such as temperature, light and nutrients. Finally, protist and prey cells could also be phylogenetically determined individually by using the nanoSIMS variant of FISH (called halogen in situ hybridization-secondary ion mass spectrometry or HISH-SIMS, Musat et al., 2016) . A new method has recently been described using microfluidics and Raman-spectroscopy (Pinho and Hartman, 2017) or Raman-microscopy. We believe that this method could potentially be used to detect and sort individual mixotrophic nanophytoplankters that have incorporated prey labelled with a stable isotopetracer. The advantage of this method is that it could allow for further characterization of the sorted cells either by cultivation-based methods for physiological characterization, and/or by molecular methods for genetic characterization.
Other micromanipulation methods derived from microbiological and medical applications will likely also enable novel methods useful for the investigation of mixotrophy. For example, an alternative to FACS with single-cell sorting following fluorochrome protist cell labelling (e.g. FLB uptake or vacuole staining), would be to use a micromanipulator or laser microdissection microscopy (Gloess et al., 2008) to target and separate specific individual mixotrophic cells characterized by their fluorescence signal or morphology. Once isolated, protist cells could be prepared for epifluorescence or even electron microscopy to identify the mixotrophic community constituents morphologically and be simultaneously prepared for molecular sequencing to identify the phylotypes associated with the fluorescent probes. Furthermore, CARD-FISH labelled protists for which plastid autofluorescence is also visible could also be accessed using laser microdissection microscopy, followed by nanoSIMs assessment of isotopic composition (e.g. Morono et al., 2011) . Single-cell approaches can be further combined with recent advancements in functional genomics, such as the development of emulsion, paired isolation and concatenation PCR (epicPCR) may provide a way to further improve studies that examine the predator-prey interaction implicit to mixotrophy. For example, to target more than one genome at a time, fusion primers of the 16 S and 18 S rRNA genes could be used with epicPCR to query for predator-prey associations as suggested by Spencer et al. (2016) . Combined with other methods that estimate grazing rates that we have discussed (Sections vii-x), it would be possible to estimate phylogenetically-specific rates in this way.
Finally, other recent methods could be combined to evaluate how various environmental parameters affect simultaneously both grazing and photosynthetic performance in mixotrophs. Like nanoSIMS, Single-cell Pulse-Amplitude Modulated (PAM) microscopy (Walz: http://www.walz.com) allows for estimates of photosynthetic rates of individual protists, which could be used to evaluate photosynthetic performance. At the same time, reverse transcriptase quantitative PCR (RT-qPCR) of single copy bacterial genes within the protist cell could enable quantification of bacterivory rates by these mixotrophs. Both PAM and RT-qPCR combined with either microfluidics sorting in combination with Ramanspectroscopy or laser microdissection would allow for simultaneous determination of photosynthesis and grazing rates at the single cell level. Such single-cell techniques and the combination of microscopic, biochemical, and molecular tools hold great promise to quantify simultaneously photoautotrophy and heterotrophy on individual mixotrophic cells. These developments would enable the detailed study of the physiology and ecological role of mixotrophs in relation to specific environmental conditions and to include trait plasticity to improve current ecosystem (e.g. Flynn et al., 2013; Mitra et al., 2014; Ward and Follows, 2016; Chakraborty et al., 2017) and community species-interaction (e.g. LimaMendez et al., 2015) models.
C O N C L U S I O N S
As we discover that more species than previously thought are acting as mixotrophs, and that the genetic machinery of closely related mixotrophic or non mixotrophic species seems to be quite similar (Burns et al., 2015; Yan et al., 2015; Lie et al., 2017) , there is a great deal of interest in identifying which species are actually capable of this nutritional flexibility, to what degree they perform it, and under which environmental circumstances. Such information will complement the growing number of studies that examine the contribution of biodiversity to community assembly and ecosystem functioning by providing more mechanistic assessment of composition (McCauley et al., 2018) . Our overview provides a guide to the current methods available to aquatic ecologists who want to quantitatively assess fluxes and/or identify the composition of phago-mixotrophic nanophytoplankton, both in experimental and more natural contexts. We also identify some novel approaches that could be developed to bring estimates of fluxes together with mixotroph identity to better link mixotroph community structure with overall food web function in natural communities (Moorthi et al., 2017) . Mounting evidence indicates that the conceptual framework for examining species interactions at the base of the aquatic food web clearly needs to be modified substantially as studies increasingly reveal the real contribution of mixotrophy to aquatic ecosystems. Including such nutritional plasticity will influence expectations for community composition, ecosystem dynamics and stability. The methods outlined in the paper should aid the aquatic ecological community to advance more rapidly to gain this understanding through both experimental and observational approaches.
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